Two-phase pipe flow in microgravity without and with phase change: Recent progress and future prospects by Narcy, Marine & Colin, Catherine
 OATAO is an open access repository that collects the work of Toulouse 
researchers and makes it freely available over the web where possible 
Any correspondence concerning this service should be sent  
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr 
 
To cite this version:  
Colin, Catherine and Narcy, Marine: Two-phase pipe flow in microgravity 
without and with phase change: Recent progress and future prospects, 
9th International Conference on Boiling and Condensation Heat Transfer, 
2015 (26-30 Avril) 
This is an author’s version published in: http://oatao.univ-toulouse.fr/n° 23334 
 
9th International Conference on Boiling and Condensation Heat Transfer 
April 26-30, 2015 – Boulder, Colorado 
TWO-PHASE PIPE FLOW IN MICROGRAVITY WITHOUT AND WITH PHASE 
CHANGE: RECENT PROGRESS AND FUTURE PROSPECTS. 
Marine Narcy, Catherine Colin*  
*Author for correspondence
Institute of Fluid Mechanics Toulouse 
University of Toulouse 
Toulouse, 31400, France 
E-mail: colin@imft.fr
ABSTRACT 
Gas-liquid and liquid vapor-pipe flows in microgravity have been studied for other forty years. The studies 
were motivated by potential applications for space industries with thermal control of satellites, propellant supply 
for launchers, waste water treatment for space exploration missions…Beside the applications, microgravity 
experiments provide unique conditions for highlighting and modeling capillary and inertia effects in the 
dynamics of two-phase flows. Several results were obtained on the flow pattern characterization, the 
measurements of void fraction, wall and interfacial shear stress and heat transfer coefficients. A summary of the 
main results is presented by comparison with ground experiments. Recent results on flow boiling in pipe are also 
discussed and perspectives for future studies are given. 
INTRODUCTION 
   Gas-liquid and vapor-liquid flows exist in a wide variety of applications in both normal gravity and reduced 
gravity environments. As it is usually the case, there are many benefits and drawbacks to the use of two-phase 
systems and consequently serious considerations are needed before deciding on whether or not to proceed with 
the design, construction and use of these systems, particularly in reduced-gravity. 
   In normal gravity, or terrestrial applications, gas-liquid flows have been traditionally studied by the petroleum 
and nuclear industries. The petroleum industry has focused most of their efforts on flow through long pipelines 
with the intent of transferring a mixture of crude oil and natural gas from the well and then performing the 
separation of the components or products at the refinery. The nuclear industry has been concerned with system 
stability and safety with the primary intent of preventing dry out of the nuclear reactor through either a heat 
transfer/fluid flow instability or loss of coolant accident as the heat energy is transferred from the reactor to the 
turbines. The chemical industries have utilized gas-liquid contactors to increase interfacial heat and mass 
transfers in absorption, stripping and distillation processes that involve two-phase flow though complex 
geometries. 
   In a reduced gravity environment, the principles remain the same. The applications concern the thermal 
management systems for satellites, the power management systems for long time missions or manned space 
platforms, and fluid management from the storage tanks of launchers through the lines to the engine. Thermal 
management systems transfer heat from a source (resistance heat from electronic equipment) to a sink, typically 
through a radiator panel. Different devices are used depending on the power to be transferred: heat pipes, loop 
heat pipe, single-phase mechanical pumped loop. Future communication satellites will require heat removal 
capabilities larger than 10 kW. In this context, the use of a two-phase mechanical pumped loop offers a 
significant reduction of weight and size, due to powerful heat transfer by latent heat. However, up to now, 
technical solutions involving the use of single-phase mechanical pumped loops are often preferred because of the 
lack of reliable predictive models for sizing the two-phase flow loops. Nevertheless, in the future, the use of two-
phase mechanical pumped loop will become unavoidable for thermal management and also for power generation 
(from nuclear reactor) for the long-time missions and also for the treatment of wastewater. In order to properly 
design such systems under microgravity conditions, it is necessary to be able to predict the flow pattern, pressure 
drop, heat transfer, and critical heat flux (CHF). 
   Another important problem concerns the fluid management: behavior of the propellant in the tanks of the 
launchers and transfer from the tank to the engines through the supply lines. The cryogenic liquids are 
pressurized by their vapor or a non-condensable gas. During the different phases of the mission (propelled phase, 
ballistic phase), it is important to control the phase distribution and the evolution of temperature and pressure 
inside the reservoirs. The evolution of these parameters strongly depends on heat and mass transfers. During the 
ballistic phase of the mission, the tank wall is heated by solar radiation and thermal dissipation due to engine and 
electrical devices. Since there is no thermal convection in microgravity, the heat transfer between the heated wall 
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and the liquid is mainly due to heat conduction and the wall temperature can become greater than the required 
temperature for the onset of nucleate boiling. The study of boiling in microgravity is thus of particular interest in 
this situation. 
Boiling is a complex phenomenon, which combines heat and mass transfers, hydrodynamics, and interfacial 
phenomena. Furthermore, gravity affects the fluid dynamics and may lead to unpredictable performances of 
thermal management systems. It is thus necessary to perform experiments directly in (near) weightless 
environments. Besides the International Space Station, microgravity conditions can be simulated by means of a 
drop tower, parabolic flights on board an aircraft or a sounding rocket. This review is focused on old and recent 
results obtained in microgravity on gas-liquid flow or flow boiling in pipes for wall heat fluxes lower than the 
critical heat flux.  
   In the past forty years, several gas-liquid flow experiments have been conducted in microgravity conditions. 
Space applications have raised some classical technical problems that stimulated the development of two-phase 
flow research at microgravity conditions. Among these are the predictions of flow pattern, pressure drop, heat 
transfer including critical heat flux and void fraction in thermo hydraulic systems. Beyond the design of space 
systems, reduced gravity two-phase flows can address some fundamental questions, which remain unsolved. On 
earth, the force balance between the two phases is often dominated by the gravitational force. As the gravity is 
suppressed, a new balance comes into play between inertial, viscous and interfacial forces so that the mechanics, 
which governs the interactions between phases drastically changes. Low gravity conditions are particularly 
favorable to the emergence of surface tension as dominating force whose role is often small at 1–g conditions. 
   In the following, we will focus on the main results concerning the flow pattern, void fraction distribution, 
pressure drop in adiabatic gas-liquid flow and/or vapor-liquid flows in microgravity in pipe flows and heat 
transfer coefficient in vapour-liquid flows. Since this review is far to be exhaustive, complementary information 
can be found in the papers of Colin et al. (1996), McQuillen et al. (1998), Ohta (2003), Celata and Zummo 
(2009), Zhao (2010), Ohta and Baba (2013), Konishi and Mudavar (2015). 
FLOW PATTERN AND TRANSITIONS 
   The classification of two-phase flow by various patterns, although subjective, is easy to accomplish since it 
only requires a careful observation of the flow. Several studies with and without phase change have been carried 
out in microgravity conditions over the past 30 years. The fluids used were either air and water, or boiling 
Refrigerant 12, 113, 114, FC72, HFE7000. Studies performed in the 90’s and early 2000’s mainly concerned 
gas-liquid adiabatic flows and the flow pattern maps were classically plotted versus the superficial velocities of 
liquid  and gas  (Dukler et al. 1988, Colin et al., 1991, 1996, Huckerby and Rezkallah, 1992, Zhao and 
Rezkallah, 1993, Bousman et al., 1996, Zhao et al., 2001…). 
   At low void fraction, bubbly flow occurs. At high  and low  values, small bubbles of a few millimetres 
appear. These bubbles are nearly spherical. Their motion is rectilinear with nearly the same velocity. The size of 
the bubbles is mainly controlled by coalescence. As the void fraction increases, larger bubbles are created.  
   The large bubbles are the precursors of cylindrical bubbles that appear in slug flow at higher void fractions. 
These long bubbles, which have a smooth interface and a spherical shaped nose are separated by liquid slugs. 
These slugs contain smaller spherical bubbles moving nearly at the same velocity than the cylindrical bubbles. In 
contrast to 1–g upward flow, these bubbles are not created by gas entrainment at the rear of the cylindrical 
bubbles: they are simply the residues of the initial bubbles injected at the inlet section of the tube.  
   As the gas velocity increases, the liquid slugs decrease in length. When the liquid slugs are short enough, they 
collapse. The resulting pattern consisting of liquid flowing in the form of a film at the wall and gas flowing in 
the centre is similar to annular flow. The gas core sometimes can break up and frothy slugs, containing many 
small bubbles, appear. This flow pattern, which is often called frothy slug-annular flow (Zhao and Rezkallah, 
1993), is a transition between slug flow and annular flow, which occurs at the highest gas superficial velocities. 
When the gas velocity is very high, the interface becomes wavy and some droplets can be entrained in the gas 
core. 
   The determination of the flow pattern is sometime subjective and is not a final goal. However the modeling of 
the wall shear stress and the wall heat transfer depends on the flow pattern and a particular attention has to be 
paid to the determination of the transition between the flow patterns. 
   Different models exist for the prediction of the transition from bubbly to slug flow. Some of them are based on 
a critical value of the void fraction αc (Dukler et al., 1988; Colin et al., 1991) or a critical value of the Weber 
number (Zhao and Rezkallah, 1993). The transition from bubbly to slug flow is very progressive, with an 
increase of the bubble size resulting from a coalescence mechanism along the tube. For gas-liquid flows ((Dukler 
et al, Colin and Fabre, 1995; Bousman et al., 1996; Colin et al. 1991) and liquid-vapor flows (Reinarts, 1993), 
jL jG
jL jG
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two regimes of coalescence have been identified: an inhibiting-coalescence regime and a promoting-coalescence 
regime. Colin et al. (1996) point out that these regimes are characterised by the Ohnesorge number 𝑂ℎ =𝜈! 𝜌! 𝜎𝐷  based on the liquid properties (density, viscosity, surface tension) and the tube diameter D.  In the 
inhibiting-coalescence regime for Oh > 8.2 10-4, the transition between bubbly and slug flows occurs for αc ≈ 
0.45 and in the promoting-coalescence regime for Oh < 7.6 10-4, the transition occurs for αc ≈ 0.2. A criteria 
based on the Suratman number Su=1/Oh2 was also proposed by Jayawardena et al. (1997).  
   Since the transition from bubbly to slug flow is due to bubble coalescence, it seems relevant to develop 
mechanistic models of bubble coalescence in turbulent pipe flows. In order to validate these models, several 
authors measured the bubble size evolution along the pipe (Takamasa et al, 2003; Kamp et al., 2001; Colin et al., 
2008; Hazuku et al., 2012). Kamp et al (2001) proposed a model to predict the rate of coalescence of bubbles in 
a turbulent flow and were able to reproduce the bubble size evolution along a 40 mm diameter tube. They found 
that coalescence is promoted by turbulence when the bubble size is smaller than the integral length scale of 
turbulence (typically D/4, D being the tube diameter). When the bubble size is larger than the integral length 
scale of turbulence, turbulence is no more efficient to promote coalescence. The source of bubble collision and 
coalescence is the mean shear of the flow (Colin et al., 2008) and coalescence rate is much smaller.  The ratio of 
the bubble size over the tube diameter is the relevant parameter to distinguish the two regimes of coalescence. 
Zhao (2005), proposed also a criteria for the void fraction at the transition between bubbly and slug flow based 
on the ratio of the initial bubble diameter over the tube diameter. Nevertheless, this ratio cannot be the only 
parameter, the length of the tube has also to be taken into account to predict the evolution of the bubble size 
evolution along the pipe by coalescence. 
   Different authors have studied the transition from slug to annular flow including Dukler et al. (1988), 
Huckerby and Rezkallah (1992), Bousman and Dukler (1994). Based upon experimental results, there have been 
different approaches for the prediction of this transition. According to Dukler et al., (1988), the transitional void 
fraction calculated from both slug flow model and annular flow models must be equal and thus determined by: 𝛼!/!1 − 𝛼 ! = 𝑓!𝑓! 𝜌!𝜌! 𝑗!𝑗! !   (1) 
where fi and fw are the interfacial and wall friction factors, ρG and ρL the gas and liquid densities. The authors 
found a transition between slug and annular flow for a void fraction value 𝛼 ≈ 0.8. 
   Zhao and Rezkallah (1993) assume that the transition between slug and annular occurs at a critical value of a 
Weber number, ratio of gas inertia over capillary effects 𝑊𝑒!! = 𝜌!𝑗!!𝐷 𝜎 ≈ 20. Zhao and Hu (2000) proposed 
a model for the prediction of the transition between slug and annular flow in microgravity. Their approach is 
similar to Reinarts’one (1993), assuming that the transition occurs if the impulsive force due to gas inertia is 
sufficient to overcome the surface tension force, which maintains the spherical shape of the nozzle of the 
elongated bubbles. This model seems to be able to reproduce the transition observed for air-water flows in 
microgravity, liquid-liquid flows in normal gravity and air-water flow in small tubes in normal gravity. 
However, this model has two adjustable constants, which are chosen to fit the experimental data. 
   The same flow patterns: bubbly, slug and annular flows (Figure 1) are observed in adiabatic gas-liquid flows, 
condensing flow and also in convective boiling for wall heat fluxes smaller than the critical heat flux (Ohta, 
1997, 2003, Reinarts, 1993, Celata and Zummo, 2009, Narcy et al., 2014a). Transitional flows are also observed 
such as bubble/slug transition or slug/annular transition. The main difference between adiabatic and boiling 
flows is the nucleation of the bubbles at the wall and the constant evolution of quality and void fraction along the 
heated tube. Ohta (2003) studied flow boiling of R113 in a 8 mm internal diameter vertical transparent tube, 
internally coated with a gold film, and observed bubbly, slug and annular flows. Celata and Zummo (2009) 
performed experiments in parabolic flights with boiling FC72 in Pyrex tubes of 2, 4 and 6 mm diameters. They 
observed the following flow patterns: bubbly, plug, and disordered intermittent flow. They plotted a flow pattern 
map versus the mass flux G and the thermodynamic quality (negative in subcooled boiling). It is therefore 
difficult for subcooled boiling to compare with the classical flow pattern map established for air-water flow. 
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       (a)   (b)            (c)                      (d)               (e) 
Figure 1: Flow visualisations of boiling HFE7000 in a 6mm diameter tube (Narcy, 2014) 
(a) Bubbly flow: G = 61 kg/s/m2, ∆Tsub = 11°C, q = 1.1 W/cm2
(b) Transition bubbly-slug flow: G = 50 kg/s/m2, ∆Tsub = 9°C, q = 2 W/cm2
(c) Slug flow: G = 202 kg/s/m2, ∆Tsub = 4°C, q = 1.1 W/cm2
(d) Transition slug-annular flow: G = 50 kg/s/m2, ∆Tsub = 5°C, q = 2 W/cm2
(e) Annular flow: G = 88 kg/s/m2, x = 0.20, q = 2.2 W/cm2
   Recently, Narcy et al. (2014a) studied flow boiling in a sapphire tube of 6mm diameter coated from outside by 
an ITO deposit heated by Joule effect. They used the vapor and liquid superficial velocities to plot a flow pattern 
map (Figure 2). The iso-lines of G and x values are also plotted on the figure, x being the ratio of the vapor mass 
flow rate over the total mass flow rate, which is different from the thermodynamic quality in subcooled boiling. 
The map of Dukler and co-workers (Colin et al., 1991; Dukler et al., 1988), based on void fraction transition 
criteria and slightly modified on the basis of current experimental data, shows a reasonable prediction capability. 
Transition between bubbly and slug flow is observed for a quality x ≈ 0.05 and a void fraction αc ≈ 0.7 (figure 2), 
which is in agreement with the value of 0.74 found by Celata and Zummo (2009) for FC72 in 4 and 6 mm 
diameter tubes. Bubbly flow remains at rather high void fraction values. The Ohnesorge number of the 
experiments of Narcy et al. is equal to 1.14 10-3, characteristic of an inhibited coalescence regime according to 
Colin et al. (1996), which may explain the high void fraction observed in bubbly flow. The observed void 
fraction values in boiling flows are larger than in adiabatic flows for different reasons. First, the initial size of the 
bubbles, nucleated on the wall is very small. Second, the length L of the test sections in boiling experiments is 
small. The ratio L/D is close to 30 in Narcy et al. (2014a) experiments and close to 80 in Colin et al. (1996) 
experiments. Then the residence time of the bubbles in the tube is much smaller and their probability of 
coalescence is also smaller.  
   The transition from slug to annular flow is found for x ≈ 0.13 and αc ≈ 0.8, which is in agreement with the 
transition criteria proposed by Dukler et al. (1988).  The criterion based on a given value of the Weber Number 
WeGS=20 corresponding to a constant value of jG is not able to predict the transition from slug to annular flow. 
Similar flow pattern maps are observed in microgravity and on earth. In bubbly flow at low mass flux (G<200 
kg/m2/s), the vapor bubble are larger in 0-g than on earth, generally because of the larger bubble diameter at 
detachment due to the absence of buoyancy and the higher rate of coalescence (Colin et al., 2001). Fluid velocity 
has also a significant influence on the shape of Taylor bubbles in intermittent flow.  
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Figure 2: Flow pattern map for HFE7000 in 6mm diameter tube in microgravity according to Narcy (2014) 
VOID FRACTION AND FILM THICKNESS 
   Several authors have published data concerning either void fraction, or averaged gas velocity and film 
thickness. Different methods have been used to determine the cross-sectional averaged void fraction a: 
capacitance probes (Elkow and Rezkallah; 1997) or conductance probes (Colin et al., 1991; Colin and Fabre, 
1995; Bousman and Dukler, 1994). For bubbly and slug flows in microgravity, the mean gas velocity UG=jG/a is 
well predicted by a drift flux model for gas-liquid flows (Colin et al., 1991) UG=C0 j, j=jG+jL being the mixture 
velocity and C0 a coefficient depending on the local void fraction and gas velocity distributions (Zuber and 
Findlay, 1965). C0 is about equal to 1.2 for a pipe of 4 cm diameter and increases as the pipe diameter decreases. 
In her experiments on subcooled flow boiling corresponding to bubbly and slug flows, Narcy (2014) showed that 
the mean vapour velocity UV is also well predicted by the drift flux model with a value of C0 =1.25 (Figure 3). In 
vertical upward flow on ground, the mean vapour velocity 𝑈! = 𝐶!𝑗 + 𝑈!, where 𝑈!is the bubble drift velocity. 
For bubbly flows 𝑈! = 1.53 𝑔 𝜌! − 𝜌! 𝜎 𝜌!! !/!  (Harmathy, 1960) and for slug flows  𝑈! = 0.35 𝑔𝐷 
(Wallis, 1969). Data in 1-g upward flows are also plotted in Figure 3 and compared to the drift flux model for 
the bubbly flows with 𝑈! = 0.145. 
   The validity of the drift flux model for bubbly flow in microgravity with a C0 value larger than 1 proves that a 
mean drift between gas and liquid does exist. For bubbly flow, the origin of the drift must be found in the 
concentration of void at the tube axis. The local bubble drift velocity is namely close to zero in microgravity as 
confirmed by simultaneous local measurements of gas and liquid velocities (Kamp et al., 1993, Colin et al., 
2012). The key problem in bubbly flow is thus the prediction of the radial void fraction distribution. An 
analytical model including the effect of lift force, added mass force and turbulent dispersion was recently 
developed to predict the void fraction distribution in 1-g upward and downward flow and in microgravity. It 
clearly points out the role of the interactions between the bubbles and the turbulence of the liquid phase in 
microgravity conditions (Colin et al., 2012; Chahed et al., 2002).   
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Figure 3: Mean vapor velocity for bubbly and slug flows in subcooled boiling in microgravity conditions (open 
symbols) and normal gravity up flow (closed symbols). 
   Concerning annular flow, film thickness measurements have mostly been performed in gas-liquid flows 
without phase change. The determination of the film thickness in annular flow is crucial for the determination of 
the wall shear stress and heat transfer coefficient. Bousman (1995) measured film thickness using conductive 
probes and cross correlating signals to obtain velocities. Bousman and Dukler (1994) found with four sets of 
probes placed around the circumference of the tube that the annular film is axisymmetric in microgravity. With a 
fifth sensor downstream, they put in evidence the presence of large disturbances or roll waves. They showed that 
large liquid velocities increased the averaged film thickness and high gas flow velocities decreased the thickness. 
These authors also pointed out the effect of surface tension and liquid viscosity on the film thickness and the 
wave structures. Wang et al. (2004) analyzed the structure of the liquid film by using a conductive probe made 
of two parallel small wires traversing the pipe section. They compared the results obtained in vertical upward 
flow in normal gravity and in microgravity conditions. They found that the wave height and the relative 
interfacial roughness decrease with increasing the gas Reynolds number. In microgravity, the wave height and 
the interfacial roughness are less than half of the corresponding values in normal gravity. Ohta (2003) also 
observed for air-water flows and for boiling R113 flows a reduction of the wave disturbances in microgravity 
conditions by comparison to 1-g and 2-g upward flow. At low quality, the frequency of passing disturbance 
waves increases with gravity.  He developed an analytical model to calculate the velocity and temperature 
profiles in the liquid film and found that the film thickness is larger in microgravity than in 1-g and 2-g for 
quality smaller than 0.8 and moderate mass fluxes. 
   Narcy et al., (2014a) recently performed void fraction measurements in annular flow boiling of HFE7000 in a 
6mm diameter tube using capacitance probes (Figure 4). The results are compared to the correlation provided by 
Cioncolini and Thome (2012a) to predict the void fraction in annular flow: 𝛼 = 𝑚  𝑥!1 + 𝑚 − 1   𝑥!    , with  𝑚 = 𝑎 + 1 − 𝑎 𝜌!𝜌! !!   𝑎𝑛𝑑    𝑛 = 𝑏 + 1 − 𝑏 𝜌!𝜌! !!   (2) 
with a=-2.129, a1=-0.2186, b=0.3487 and b1=0.515. The void fraction values are plotted for two mass fluxes 
G=50 and G=200 kg/m2/s. Equation (2) overpredicts the void fraction value in 1-g and also in microgravity for 
G=50 kg/m2/s. The results show that the void fraction is significantly higher in microgravity. The film thickness 
d was deduced from the void fraction after estimating the liquid droplet entrainment e according to Cioncolini 
and Thome (2012b): 
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𝛿 = 𝐷2 1 − 𝛼 1 + 𝜌!𝜌! 1 − 𝑥𝑥 𝑒   𝑤𝑖𝑡ℎ  𝑒 = 1 + 279.6  𝑊𝑒!!!.!"#$ !!.!"#   (3) 
where Wec is the Weber number of the vapor core with entrained droplets. The film thickness evolution with 
quality is plotted in Figure 5 for normal and microgravity conditions. In microgravity, the measured film 
thickness values agree well for G=200 kg/m2/s with Equation (3).  This correlation under predicts the film 
thickness for low mass flux (G=50 kg/m2/s) in microgravity and for all mass fluxes in normal gravity. The film 
thickness in 1-g is much larger than in 0-g, especially for G >100 kg/m2/s. This result is in contradiction with the 
analytical model of Ohta (2003) for the prediction of film thickness and heat transfer in annular flow. Additional 
experiments are still needed to provide local measurements of the film thickness and detailed description of the 
film structure (interfacial waves, droplet entrainment..). 
Figure 4: Void fraction in saturated boiling according to the vapour quality, in 1-g (closed symbols) and 0-g 
(open symbols) - comparisons with the model proposed by Cioncolini and Thome (2012a) 
Figure 5: Film thickness in annular flow according to the vapour quality, in 1-g (closed symbols) and 0-g (open 
symbols) 
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WALL AND INTERFACIAL SHEAR STRESSES 
   Most of the studies performed in microgravity conditions concerned gas-liquid flow without phase change 
(Bousman and McQuillen, 1994; Zhao and Rezkallah, 1995; Colin et al., 1996, Zhao et al., 2001). Some results 
also exist for liquid-vapour flow (Chen et al., 1991, Narcy et al., 2014a), but in an adiabatic test section. The 
wall shear stress tW can be determined from pressure drop dP/dz and void fraction a measurements by using the 
momentum balance of the mixture in adiabatic flow: − 𝑑𝑃𝑑𝑧 − 4𝜏!𝐷 − 𝜌! 1 − 𝛼 + 𝜌!𝛼 𝑔 = 0     (4) 
   In microgravity flows without phase change, the wall shear stress is directly proportional to the pressure drop. 
   Colin et al. (1996) presented some results for air and water bubbly and slug flow in tubes of different 
diameters. In bubbly flow, the wall friction factor is well predicted by the single-phase flow correlation of 
Blasius (𝑓! = 0.079  𝑅𝑒!!!!), for a Reynolds number ReL (based on the liquid properties and velocity) between
20,000 and 70,000. The Blasius correlation tends to underestimate the friction factor when the Reynolds number 
ReL is smaller than 20,000. This tendency may be explained as follows: as the Reynolds number decreases, the 
thickness of the viscous layer increases and the presence of large bubbles affects this layer near the tube wall. 
Zhao et al. (2010) proposed to express the wall friction factor versus the mixture velocity and the liquid 
viscosity. The agreement with the experimental data is better than with the Blasius correlation for Reynolds 
numbers between 6,000 and 30,000. 
For slug and annular flows, the frictional pressure drop 4τW/D has been compared (Zhao & Rezkallah, 1995; 
Chen et al., 1991) to different empirical models (homogeneous model, Lockhart and Martinelli (1949), Friedel, 
(1979)). Recently, Awad and Muzychka (2010) and Fang et al. (2012) proposed a modified expression of the 
correlation of Lockhart and Martinelli and found good agreement with the experimental data. According to 
Lockhart and Martinelli (1949), the frictional pressure gradient in two-phase flows can be expressed versus the 
single-phase liquid flow frictional pressure gradient (dP/dz)L, and a multiplier 𝜙!!: 4𝜏!𝐷 = 𝑑𝑃𝑑𝑧 ! 𝜙!!          𝑤𝑖𝑡ℎ    𝜙!! = 1 + 𝐶𝑋 + 1𝑋!   𝑎𝑛𝑑    𝑋 = 𝑑𝑃𝑑𝑧 ! 𝑑𝑃𝑑𝑧 !   (5) 
C=20 if the single-phase liquid and vapour flows are both turbulent (tt) and C=12 if the single-phase liquid flow 
is laminar and single-phase vapour flows turbulent (lt). Narcy et al. (2014a) plotted, the experimental value  𝜙!  
versus Martinelli’s parameter X for G=50 and G=200 kg/m2/s. For G=200 kg/m2/s, the wall shear stress is the 
same in normal and microgravity conditions and close to Lockhart and Martinelli correlation for turbulent liquid 
and vapor flows. At G=50 kg/m2/s, the single-phase liquid flow is laminar and the single-phase liquid flow is 
turbulent. The wall shear stress is much higher in 1-g than in 0-g for G values smaller than 100 kg/m2/s. 
Figure 6: Experimental two-phase multiplier according to Martinelli parameter for 1-g (closed symbols) and 0-g 
(open symbols) conditions- comparisons with two correlations proposed by Lockhart and Martinelli (1949) 
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   Although these correlations are able to give a reasonable estimation of the pressure drop, there are of limited 
interest to predict the flow dynamics. To be able to reproduce the dynamics of an annular flow (film thickness 
and flow velocities), a two-fluid model has to be used. This model includes one momentum balance equation for 
each phase (liquid and gas). In steady flow, the two momentum balance equations are only function of the 
pressure drop, the void fraction and the wall and interfacial shear stresses. By measuring at the same time the 
pressure drop and the void fraction it is therefore possible to calculate both the wall shear stress from Equation 
(4) and the interfacial shear stress from the momentum balance equation for the vapor in adiabatic flow:
−𝛼 𝑑𝑃𝑑𝑧 − 4𝜏! 𝛼𝐷 − 𝜌!𝛼𝑔 = 0   (6) 
   Bousman and Dukler (1993) determined the interfacial shear stress and provided relationships for the 
interfacial friction factor 𝑓! ≈ 2𝜏! 𝜌! 𝑈!! versus the void fraction. More recent studies have been focused on the 
analysis of the liquid film structure (film thickness, interfacial waves). Wang et al. (2004) related the interfacial 
friction factor fi to the roughness of the interface. fi increases with the interfacial roughness. Narcy et al. (2014a) 
showed that the interfacial friction factor depends on both the liquid film thickness d and the Reynolds number 
of the vapor core flow. They plotted fi/fV versus the Reynolds number of the vapour ReV=jVD/νV, where        
fV=0.079 (ReV)-1/4. They found a smaller value of fi in microgravity for G<400 kg/m2/s (Figure 7). The difference 
between the interfacial friction factors in 1-g and in 0-g- increases a lot as G decreases. Ohta (2003) proposed a 
correlation to predict the ratio of the interfacial friction factors in 1-g and in 0-g: 
𝑓!!!!𝑓!!!! = 1 + 0.08 1 − 𝑥𝑥 !.! 1𝐹𝑟   𝑤𝑖𝑡ℎ      𝐹𝑟 = 𝑗!!𝑔𝐷   (7) 
   In Figure 8, this ratio is plotted versus quality. Equation (7) seems able to reproduce the effect of gravity on the 
interfacial shear stress. The interfacial shear stress is very difficult to measure since it requires a good accuracy 
on both the pressure drop and the void fraction. Very few measurements exist in microgravity and work has still 
to be done to confirm the existing results.  
Figure 7: Dimensionless interfacial friction factor versus vapor Reynolds number in 1-g (closed symbols) and in 
0-g (open symbols)
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Figure 8: Ratio of interfacial friction factors in 1-g and 0-g 
HEAT TRANSFER COEFFICIENT 
   The number of existing researches on flow boiling heat transfer (FBHT) in reduced gravity is small as FBHT 
requires both large heat loads and available room in a m-g apparatus for experiments. Few data are available and 
also coherence in existing data is missing, maybe due to severe restrictions in the test apparatus specification, 
strict prescription of experimental conditions and not enough chance to repeat experiments for repeatability, 
short lasting of m -g conditions, etc.… Nevertheless in the last decade, new results were obtained by Japanese, 
European and American teams in parabolic flights. 
   Saito et al. (1994) reported heat transfer data of flow boiling of water in a horizontal annulus with a central 
heater rod during parabolic flight. Under microgravity conditions, contrarily to terrestrial conditions where 
stratified flow often occurs except at high mass flux, bubbles are hardly detached from the heater rod due to the 
reduction of the buoyancy. They flow along the heater rod, and grow due to vaporization on the heater rod 
and/or coalesce surrounding the heater. Tendency under microgravity was more noticeable in the cases of lower 
inlet fluid velocity, higher heat flux and lower inlet fluid subcooling. The differences of the local heat transfer 
coefficients are, however, very small in spite of large differences of the flow regimes under earth gravity and 
microgravity. 
   Lui et al. (1994) carried out heat transfer experiments in subcooled flow boiling with R113 with a tubular test 
section (12 mm i.d., 914.4 mm length). Subcooled boiling heat transfer was enhanced in microgravity 
conditions. Heat transfer coefficients were approximately 5 to 20 % higher in microgravity, generally increasing 
with higher qualities. According to the authors, the greater movement of vapour bubbles on the heater surface 
caused more localized turbulence, which was believed to be responsible for the increased heat transfer 
coefficients. 
   Ohta (2003) studied flow boiling of R113 in a vertical transparent tube (8 mm i.d., 100 mm length), internally 
coated with a gold film, in parabolic flight. The flow rate ranged from 150 to 600 kg/m2/s, and the heat flux from 
0.25 to 12 W/cm2. Authors examined bubbly, slug and annular flow regimes. As usual, big variations in bubble 
and slug sizes with gravity level were observed at low mass fluxes. The heat transfer coefficient was barely 
affected by the various gravity levels provided, that the heat transfer was controlled by nucleate boiling (NB). It 
was also observed that in two-phase forced-convection heat transfer regime (TFC), where the nucleate boiling 
was completely suppressed (convective boiling), the heat transfer coefficient varies significantly with the gravity 
levels resulting in lower values in microgravity compared to those in normal gravity.  
   Celata and Zummo (2009) performed flow boiling experiments in parabolic flights at low gravity with FC-72 
and a transparent test section. They collected a significant dataset of heat transfer coefficients in flow boiling and 
flow patterns at low and normal gravity. The test sections were Pyrex tubes with three different diameters: 2.0 
mm, 4.0 mm, and 6.0 mm. It was observed that microgravity conditions lead to a larger bubble size, which is 
accompanied by deterioration in the heat transfer rate. The influence of gravity level on heat transfer tends to 
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decrease as the fluid velocity increases, also depending on vapour quality. For low quality, gravity influence can 
be considered negligible when the fluid velocity is greater than 25 cm/s. For quality larger than 30%, no 
influence of the gravity level is observed independent of the fluid velocity.  
Baltis et al. (2012) reported the results of quantitative analysis of the change in heat transfer coefficient in 
subcooled flow boiling at different gravity conditions. The fluid was FC-72. Data were analyzed for three 
different tube diameters (2.0, 4.0 and 6.0 mm). They showed that the heat transfer coefficient decreased by up to 
30-40% in microgravity in comparison to terrestrial gravity. The influence of mass flux and heat flux was
described. Results showed that when increasing either of these parameters, the influence of gravity seemed to
diminish. Mass flux increases led to an increase of inertial forces which reduced the influence of surface forces
acting on bubbles. This reduced the influence of gravity. Increase in heat flux means that the subcooled boiling
flow will become more and more saturated. In saturated flow boiling, gravity showed a small influence on heat
transfer.
   Recently, a new technique for the measurement of heat transfer distributions has also been developed by Kim 
et al. (2012). They used an IR camera to determine the temperature distribution within a multilayer consisting of 
a silicon substrate coated with a thin insulator. From a recent parabolic flight campaign, they pointed out that in 
the nucleated boiling regime at low quality, heat transfer coefficient was smaller in microgravity (Narcy et al., 
2014b).  
   Narcy (2014) reported heat transfer measurements in flow boiling for mass flux G=50 to 400 kg/m2/s and wall 
heat fluxes q equal to 1, 2 and 4 W/cm2. The heat transfer coefficient is plotted in Figure 9 versus quality for two 
mass fluxes and a wall heat flux q=2W/cm2. At G=200 kg/m2/s, the heat transfer coefficients are similar in 1-g 
and in 0-g except at low qualities (x<0.15) in the subcooled boiling regime corresponding to bubbly and slug 
flows regimes. At higher qualities, HTC does not depend on gravity and increases with quality. An annular flow 
regime is observed, the bubble nucleation in the liquid film disappears and the heat transfer is due to the 
evaporation of the liquid film. At lower mass flux G=50 kg/m2/s, HTC is always lower in 0-g than in 1-g, even 
for quality larger than 0.15 corresponding to annular flow regimes. The evolution of the HTC with quality is 
smaller than for higher mass flux. This evolution is characteristic of the persistence of a nucleate boiling regime 
also in annular flow. The experimental results are compared to two correlations. Kim and Mudawar (2013) take 
into account the contribution of nucleate boiling and convective boiling in the evaluation of the heat transfer 
coefficient: ℎ = ℎ!"! + ℎ!"!       with  ℎ!" = ℎ! 2345𝐵𝑜!.! 𝑃𝑃!"#$ !.!" 1 − 𝑥 !!.!"   (8) 
and  ℎ!" = ℎ! 5.2𝐵𝑜!.!!𝑊𝑒!"!!.!"+3.5 !! !.!" !!!! !.!"
where Bo is a boiling number Bo=q/G hLV, hl is the single-phase flow heat transfer coefficient calculated with the 
Dittus-Boelter correlation using superficial liquid velocity, and Wel0 a Weber number for single phase liquid 
flow. This correlation is in good agreement with experimental data at low mass flux in normal gravity where 
both nucleate and convective boiling play a significant role. Equation (8) seems to overestimate the HTC at low 
quality probably because the nucleate boiling contribution is limited in our experiment due to the very smooth 
surface of the sapphire tube. For high quality and high mass flux, dominated by Two-phase Forced Convection, 
Equation (8) underestimates the HTC. The experimental results are also compared to the model of Cioncolini 
and Thome (2011) predicting the heat transfer coefficient for an evaporating turbulent liquid film: ℎ = 𝜆!𝛿 0.0776   𝛿𝑢∗𝜈! !.! 𝑃𝑟!.!"      𝑤𝑖𝑡ℎ      𝑢∗ = 𝜏!𝜌!   (9) 
where Pr is the Prandtl number of the liquid. In annular flow regime at high mass flux G>100 kg/m2/s, the 
nucleation in the liquid film almost disappeared. It can be explained by the smooth surface of the sapphire tube 
and the relative low heat fluxes (q<4W/cm2). Then the heat transfer is dominated by Two-phase Forced 
Convection. The heat transfer increases with mass flux and quality and is almost independent of the wall heat 
flux for values smaller than 4 W/cm2. In Figure 10, heat transfer coefficients are compared to the prediction of 
Cioncolini and Thome (2011) for both normal and microgravity conditions. The good agreement between the 
experiments and the model confirms the dominant role of Two-phase Forced Convection in heat transfer on 
these experimental flow parameter ranges. 
   Ohta and Baba (2013), reported new measurements performed at low mass flux G=40 and 60 kg/m2/s for heat 
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flux up to 1.8 W/cm2. At these low mass fluxes, nucleate boiling remains in annular flow (NBA regime). Heat 
transfer coefficient is independent of quality up to the critical heat flux, it increases with the wall heat flux, and it 
is independent of mass flux and gravity level. The authors provide a useful summary table with the observed 
heat transfer mode versus mass flux, quality and heat flux and also the possible effect of gravity.  
Figure 9: Experimental heat transfer coefficients as a function of quality for q=2W/cm2 in 1-g and 0-g – 
comparison with the correlations of Kim & Mudawar (2013) and Cioncolini & Thome (2011) 
Figure 10: Comparison of the predicted value of the HTC from Cioncolini & Thome model (2011) and 
the experimental values. 
   According to the aforementioned studies (Ohta, 2003, Celata and Zummo, 2009, Baltis et al., 2012 and Narcy 
et al., 2014a), the table summarising the different heat transfer modes is re-drawn in Figure 11. At low quality 
values in the subcooled boiling regime, nucleate boiling is observed in bubbly and slug flows for very low to 
high mass fluxes. This regime is sensitive to gravity according to (Baltis et al., 2012 and Narcy et al., 2014a). 
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For high mass fluxes, the effect of gravity disappears. At high quality, for all the studies, heat transfer is not 
affected by gravity except at very low mass fluxes. For moderate qualities and low mass fluxes, Ohta (2003) and 
Narcy et al. (2014a) found a significant heat transfer decreases in microgravity. At very low mass fluxes, they 
observed nucleate boiling in annular flow regime at moderate and high qualities. In these regimes, a decrease of 
the HTC in microgravity is pointed out. In figure 11, the color parts of the table show the regimes where an 
effect of gravity on the heat transfer coefficient is observed. Thus, future experiments in microgravity should be 
focused on low mass fluxes in order to confirm the first observed trends. This is the objective of the future 
experiment on flow boiling on board the International Space Station in the Japanese experiment module 
« KIBO ». Experiments will be performed in 4mm diameter copper tube or glass tube with inside gold coating, 
using FC72 (Baba et al., 2011).  





High x (>0.3) 
annular flow 
High G (>200 kg/m2/s) NB TFC TFC 
Low G (100 -
>200
kg/m2/s)
High q (>2W/cm2) NB NBA NBA 
Low q (<2W/cm2) NB TFC TFC 
Very low G (<80 kg/m2/s) NB NBA NBA 
Figure 11: Summary Table for the heat transfer coefficient (modified from Ohta and Baba, 2013): 
 NB : Nucleate boiling, NBA : nucleate boiling in annular flow, TFC : Two-phase forced convection. 
CONCLUSION 
   Two-phase flows in microgravity have been mainly studied for air-water mixtures and many data on flow 
pattern, pressure drop, and void fraction exist. The researches on flow boiling in microgravity are more recent 
and the data reported mainly concerns flow pattern and heat transfer. In adiabatic and boiling flows, the same 
flow patterns are observed in vertical 1-g upward and in microgravity conditions: bubbly flow, slug/transition 
flow and annular flow. The transition between bubbly and slug flow is reached for a higher void fraction in flow 
boiling than for adiabatic flows because of shorter test sections and smaller bubbles nucleated on the wall. The 
wall friction and wall heat transfer are very sensitive to the flow pattern, thus a particular attention has been paid 
to the determination of the transitions between the flow patterns.  
   Results of recent experiments (Narcy et al., 2014) on flow boiling in tube in normal and microgravity 
conditions are presented and compared to other experiments and models or correlations of the literature. In 
bubbly and slug flows, the gas velocity is well predicted by the drift flux model. These flow patterns correspond 
to subcooled boiling regimes dominated by nucleate boiling. The wall heat transfer increases with the wall heat 
flux and is much smaller in microgravity than in 1-g upward flow. In the annular flow regime in saturated 
boiling, the nucleation of the bubbles at the wall disappears, except at very low mass flux (G<80kg/m2/s). In this 
regime, the liquid film thickness determined from void fraction measurements is significantly larger in 1-g than 
in 0-g. The wall shear stress is well predicted by the classical correlations of Lockhart and Martinelli. Thanks to 
simultaneous measurements of pressure drop and void fraction, original data on the interfacial shear stress have 
been obtained. The interfacial shear stress is much lower in 0-g than in 1-g, especially at low mass fluxes. In 
annular flow, when bubble nucleation disappears, heat transfer is controlled by forced convection through the 
evaporating liquid film, and the HTC is well predicted by the model of Cioncolini and Thome (2011). 
   Recently experiments have been performed for very low mass fluxes (G below 80 kg/m2/s) by Ohta and Baba 
(2013) and Narcy (2014). The obtained results have to be confirmed by new experiments in the future. Some of 
these experiments will be performed in the Japanese experiment module « KIBO » aboard the ISS. They will 
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allow to obtain data at very low mass flux without g-jitter perturbation as in parabolic flight experiments and 
also during a long time which is required to reach a thermal equilibrium, especially with metallic tubes. 
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NOMENCLATURE 
Bo Boiling number, (-) 
D tube inner diameter , (m) 
e liquid droplet entrainment, (-) 
f friction factor, (-) 
Fr Froude number, (-) 
g gravity acceleration, (m/s2) 
G mass flux, (kg/m2/s) 
h heat transfer coefficient (W/m2/K) 
j superficial velocity, (m) 
Oh Ohnesorge number, (-) 
P pressure, (Pa) 
Pr Prandtl number, (-) 
Re Reynolds number, (-) 
U mean velocity velocity, (m) 
We Weber number, (-) 
x quality, (-) 
z axial coordinate, (m) 
α void fraction, (-)
δ liquid film thickness, (m)
λ thermal conductivity, (W/m2/K)
ρ density, (kg/m3)
ν kinematic viscosity, (m2/s)
σ surface tension, (N/m)
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